Ophthalmoscopes have yet to capitalise on novel low-cost miniature optomechatronics, which could disrupt ophthalmic monitoring in rural areas. This paper demonstrates a new design integrating modern components for ophthalmoscopy. Simulations show that the optical elements can be reduced to just two lenses: an aspheric ophthalmoscopic lens and a commodity liquid-lens, leading to a compact prototype. Circularly polarised transpupilary illumination, with limited use so far for ophthalmoscopy, suppresses reflections, while autofocusing preserves image sharpness. Experiments with a human-eye model and cadaver porcine eyes demonstrate our prototype's clinical value and its potential for accessible imaging when cost is a limiting factor 1 .
Introduction
Given the extensive worldwide population suffering from a potentially blinding ophthalmic pathology, innovation on intraocular observation methods is imperative. In rural societies, patients that suffer from detectable and treatable diseases, such as cataracts or retinopathy of prematurity, would benefit from easily accessible digital ophthalmoscopes. Notably, 80% of blindness is preventable when detected early [1] . Disruptions in the miniaturisation of lenses, electronics, and mechanical components, together with ubiquitous computing through microprocessors, should instigate developments in ophthalmoscopy and reshape a field substantially based on 20 th century developments [2] . Retinal fundus imaging is a critical task in ophthalmoscopy, and, thus, the focus of recent device innovations. Examples of new approaches to fundoscopy mainly make use of smartphone technologies [3] [4] [5] . Initial approaches in 2012 entailed observing the retina using a smartphone's camera and a handheld indirect ophthalmoscopy lens [3] . Apart from leveraging the smartphone's camera, this approach did not deviate from the principles of direct observation. The design was improved in 2014 using a 3D-printed smartphone-attached length-adjustable "arm" to hold the lens [5] . It was found that this approach was also cumbersome to use due the requirement for manual mechanical focusing. The image created by the lens is captured either with the clinician's eye, or, in our prototype, with a liquid lens and an image sensor, (c). The optical parameters of surfaces 1-7 are given in Table 1 .
A limiting factor of smartphone-based approaches is that they do not account for the expense of the device itself. Thus, the reported costs are misleading and may amount to the cost of a hand-held commercial digital ophthalmoscope. Furthermore, the fact that 90% of blind people live in low-income countries [6] is not considered. Their location should be examined together with the lack of smartphone penetration, e.g., only 37% of population in China, and only 19% in Kenya owns a smartphone [7] . Contrary, truly widespread ophthalmoscopic screening will make use of ubiquitous technology, as "dumb" mobile phones, which represent exceptional penetration (e.g., 82% in Kenya [7] ).
Our motivation is to use new lens technology to bring 21 st century retinal imaging to vision care in developing economies, creating a low-cost digital ophthalmoscope that makes no use of a smartphone while minimising the system's optical and mechanical elements. Our device is based on state-of-the-art aspheric lenses and is among the first that uses liquid lenses. Optics simulations, selection of illumination components, and reflection-removal via relatively unexplored, in ophthalmoscopy, circularly polarised light, are described together with the selection of the appropriate autofocusing algorithm. Finally, the performance is evaluated with experiments in a human-eye phantom and porcine eyes.
Simulation, Design, and Integration
This section presents simulations, components, and integration of the developed digital ophthalmoscope with autofocusing software.
Optics
The human eye comprises the optical elements that create images on the curved retinal surface [see Fig. 1(a) ]. Indirect digital retinal imaging is typically performed
